Altered distribution of the alpha-amino-3-hydroxy-5-methylisoxazole-4-propionic acid (AMPA) receptor subunit GluR1 has been linked to stimulation-dependent changes in synaptic efficacy, including long-term potentiation and depression. The main olfactory bulb (OB) remains plastic throughout life; how GluR1 may be involved in this plasticity is unknown. We have previously shown that neonatal naris occlusion reduces numbers of interneuron cell bodies that are immunoreactive for GluR1 in the external plexiform layer (EPL) of the adult mouse OB. Here, we show that immunoreactivity of mouse EPL interneurons for GluR1 is also dramatically reduced following olfactory deafferentation in adulthood. We further show that expression of glutamic acid decarboxylase (GAD) 65, 1 of 2 GAD isoforms expressed by adult gamma-aminobutyric acidergic interneurons, is reduced, but to a much smaller extent, and that in double-labeled cells, immunoreactivity for the Ca 2+ -binding protein parvalbumin (PV) is also reduced. In addition, GluR1 expression is reduced in presumptive tufted cells and interneurons that are negative for GAD65 and PV. Consistent with previous reports, sensory deafferentation resulted in little neuronal degeneration in the adult EPL, indicating that these differences were not likely due to death of EPL neurons. Together, these results suggest that olfactory input regulates expression of the GluR1 AMPA receptor subunit by tufted cells that may in turn regulate GluR1 expression by interneurons within the OB EPL.
Introduction
Alterations in neurotransmitter and receptor distributions often accompany changes in synaptic efficacy. Understanding the regulatory mechanisms underlying these changes is, therefore, key to understanding the role of synaptic plasticity in normal development. In the glomerular layer (GL) of the main olfactory bulb (OB), expression of some neurotransmitters and receptors during early postnatal development has been shown to be regulated by the glutamatergic synaptic input from olfactory nerve (ON) axon terminals, which excite mitral and tufted cell dendrites within the glomeruli (Ennis et al. 1996 Aroniadou-Anderjaska et al. 1997; Chen and Shepherd 1997; Giustetto et al. 1997) . In addition to mitral/tufted cell dendrites, the GL also contains a large population of dopaminergic periglomerular cells, which receive synapses from ON axon terminals (Toida et al. 2000) . Blocking normal airflow by neonatal naris occlusion reduces odor stimulation of the olfactory sensory neurons and results in a reduction of tyrosine hydroxylase (TH) and dopamine expression in periglomerular cells and possibly in some tufted cells (Baker 1990 ). Periglomerular cells nevertheless express aromatic amino acid decarboxylase and gamma-aminobutyric acid (GABA), indicating that different neurotransmitter phenotypes are differentially sensitive to reduced olfactory input (Stone et al. 1991) . Many changes observed following neonatal occlusion are permanent and to some extent can be attributed to stunted development of the OB (Brunjes 1994) and/or to the reduced survival of postnatally generated periglomerular cells and granule cells (Frazier-Cierpial and Brunjes 1989; Corotto et al. 1994; Fiske and Brunjes 2001; Petreanu and AlvarezBuylla 2002; Saghatelyan et al. 2005; Mandairon et al. 2006) . However, reduced TH expression is also observed following adult naris occlusion (Kosaka et al. 1987; Corotto et al. 1994; Saino-Saito et al. 2004) , adult surgical deafferentation (Baker et al. 1984) , or lesioning of the adult nasal epithelium with zinc sulfate (Nadi et al. 1981 ; Kawano and Margolis 1982; Baker et al. 1988; Stone et al. 1991) , indicating the reduction is not merely a developmental phenomenon. In mice, zinc sulfate treatment destroys olfactory sensory neurons (Margolis et al. 1974; Matulionis 1975; Harding et al. 1978; Burd 1993) and results in anosmia that lasts at least 30 days (McBride et al. 2003) . Thus, TH expression by both neonatal and adult neurons that receive input from the ON appears to be transsynaptically regulated.
In the central nervous system, glutamate receptors of the alpha-amino-3-hydroxy-5-methylisoxazole-4-propionic acid (AMPA) subtype mediate most fast excitatory synaptic transmission. Altered expression of these receptors and of their 4 subunits (GluR1-4) has been linked to stimulationdependent changes in synaptic efficacy (Bredt and Nicholl 2003; Sprengel 2006) . Main OB neurons express significant levels of most AMPA receptor subunits, including GluR1 (Petralia and Wenthold 1992; Montague and Greer 1999; Sassoè-Pognetto and Ottersen 2000; Ennis et al. 2007) . We have previously shown that neonatal naris occlusion dramatically reduced numbers of GluR1-immunoreactive (IR) interneuron cell bodies in the external plexiform layer (EPL) (Hamilton and Coppola 2003) . Because EPL interneurons do not receive direct synaptic input from ON axon terminals, the reduced GluR1 expression presumably resulted from transsynaptic effects of naris occlusion on mitral/tufted cells. Support for this hypothesis derives from ultrastructural studies showing that mitral/tufted cells form excitatory synapses onto the parvalbumin (PV)-IR interneurons of the EPL (Toida et al. 1994 (Toida et al. , 1996 Crespo et al. 2001) . Because the early postnatal EPL contains few cell bodies, the reduction in GluR1-IR could partly be due to failure of developing interneurons to migrate into the EPL (Kosaka et al. 1994b; Hamilton and Coppola 2003) . Accelerated death of postnatally generated interneurons could also be a contributing factor because neonatal naris occlusion increases apoptosis in all OB layers. However, the magnitude of increased apoptosis is smaller in the EPL than in other layers (;5% in the EPL + GL relative to the GL alone; Fiske and Brunjes 2001) , suggesting cell death does not play a major role. In adults, only ;2% of EPL cells (neurons and glial cells) are generated after postnatal day 20 (Bayer 1983) , and only ;7% of adult-generated interneurons derived from the subventricular zone are destined for the EPL (Luskin 1993) . Most adult-generated interneurons are instead destined for the granule cell layer (GCL) and to a lesser extent for the GL (Kaplan et al. 1985; Lois and Alvarez-Buylla 1994; Kato et al. 2000; De Marchis et al. 2001 Wichterle et al. 2001; Takei et al. 2002; Ninkovic et al. 2007 ). Recent studies show that PV-IR interneurons of the adult mouse EPL do not exhibit significant turnover (Young et al. 2007) . Thus, it is unlikely that loss of adultgenerated interneurons could be responsible for any reduction in adult GluR1-IR cell bodies.
Here, we show that immunoreactivity of EPL interneurons for GluR1 is dramatically reduced in adult mice following zinc sulfate treatment in adulthood. Expression of glutamic acid decarboxylase (GAD) 65, 1 of 2 GAD isoforms expressed by adult GABAergic interneurons, and immunoreactivity for PV are also reduced in the interneuron population. We further provide evidence suggesting that GluR1 is reduced in GAD65-and PV-negative presumptive tufted cells and interneurons. Together, these results suggest that in the OB EPL, expression of an AMPA receptor subunit and markers typically expressed by inhibitory interneurons are transsynaptically regulated by the excitatory olfactory sensory input to mitral/tufted cells.
Experimental procedures Animals
Adult mice of both sexes (N = 13) were used in accordance with institutional and National Institutes of Health guidelines. Transgenic mice expressing green fluorescent protein (GFP) under control of the mouse GAD 65-kDa promoter (GAD65-GFP) originally generated by Erdélyi et al. (2002) were obtained from a colony maintained at the University of Maryland, Baltimore, MD. Adult CD-1 mice were obtained from Charles River Laboratories (Wilmington, MA). Previous studies have provided evidence that expression of the GAD65-GFP transgene is a reliable marker for GAD65 protein expression (Ló pez-Bendito et al. 2004 ).
Zinc sulfate lesion
The right naris of GAD65-GFP mice was lavaged with 0.1 cc of either 0.17 M zinc sulfate or 0.01 M Na + phosphate buffer + 0.9% NaCl (PBS), as a control treatment. In mice, this procedure effectively lavages the entire nasal cavity, and both cavities are lavaged, due to passage of solution through the window in the nasal septum. Twenty days after treatment, mice were deeply anesthetized with Na + pentobarbital (i.p.) and transcardially perfused with 0.9% NaCl followed by freshly prepared 4% paraformaldehyde in PBS, pH 7.4. The brains were embedded in 10% gelatin, and the tissue was cryoprotected and the gelatin was fixed overnight at 4°C in 30% sucrose in PBS + 1% paraformaldehyde. Eighteen sets of serial coronal sections (25 lm) were obtained using a cryostat and stored at 4°C.
Staining and imaging
A set of sections from each animal was randomly selected and washed in PBS and nonspecific staining was blocked with 1-2% BSA in 0.1 M Tris buffer containing 0.9% NaCl + 0.3% Triton X-100 (TBST). The sections were then incubated overnight with rabbit anti-GluR1 (1:200, Chemicon/Millipore, Temecula, CA) + mouse anti-PV (1:5000, Swant, Bellinzona, Switzerland) in TBST. Sections incubated in TBST without primary antisera did not exhibit specific labeling. According to the manufacturers, the rabbit anti-GluR1 antiserum was generated against a carboxy terminus peptide of rat GluR1; it was affinity purified using the immunogen, and it does not cross-react with GluR2-4 subunits. The PV antiserum is a monoclonal antiserum that specifically recognizes the 45 Ca-binding spot of PV in immunoblot assays.
After washing with TBST, the sections were incubated with biotinylated donkey anti-rabbit IgG (1:500), followed by Cy3-labeled streptavidin (1:500) to label GluR1 and Cy5-labeled donkey anti-mouse IgG (1:500) to label PV; secondary antisera and streptavidin were obtained from Jackson Immunoresearch (West Grove, PA) . Other sets of randomly selected sections were incubated for 1 h with Sytox Orange (1:500, Molecular Probes/Invitrogen, Carlsbad, CA), to stain all cells.
The sections were washed and mounted on gelatin-coated slides, and 800 · 600-or 1024 · 768-pixel z-series images (1-to 1.5-lm step size) for each fluorophore were sequentially obtained through the entire thickness of the medial EPL of the right OBs of the middle 3 sections using an Olympus BX51WI microscope and FluoView confocal (Olympus America, Inc., Center Valley, PA) or Nikon TE300 microscope and Bio-Rad Radiance 2000 confocal (Zeiss Microimaging Inc., Thornwood, NY). Because large numbers of cells are stained with Sytox Orange (see Results, Fig. 1d and h), the right bulb of only 1 section (the third) was imaged. A final set of randomly selected sections was labeled with the nuclear stain, TOTO-3 iodide (1:500, Molecular Probes/ Invitrogen), and all sections through the right OBs were imaged at low magnification for determining the EPL volume (Parrish-Aungst et al. 2007 ; see Cell counts, volume measurements, and density estimates). Selected sections were also stained with goat anti-olfactory marker protein (1:25 000), which labels mature olfactory sensory neurons and their axons (Margolis 1972; Monti Graziadei et al. 1977) , followed by Cy3-labeled goat anti-goat IgG (1:500, Jackson Immunoresearch), to verify the efficacy of the zinc sulfate lesions.
Cell counts, volume measurements, and density estimates
Image stacks were imported into the confocal module of Neurolucida software (MBF Bioscience Inc., Williston, VT) installed on a PC, and optical disector methods (Sterio 1984; West et al. 1991) , modified for confocal microscopy (Parrish-Aungst et al. 2007) , were used to quantify labeled cells. Briefly, labeled cell bodies were counted when they first appeared to have a solid perimeter in the image stack, as long as they did not intersect the top of the tissue section (lookup optical section) or the forbidden lines, the latter of which consisted of the mitral cell layer (MCL) and top edge of the image frame. A grid of 25-lm squares was overlaid on the image stack and used to calculate the reference volume. Cells in the most superficial portion of the EPL, at the GL-EPL border, were considered to lie within the EPL, rather than within the GL, if they were surrounded by the dense meshwork of GAD65-GFP processes that characterize this region (see Figure 1f and Supplementary Figure 1c ). This definition of the GL-EPL boundary is consistent with our previous anatomical studies and electrophysiological recordings, showing that the most superficial portion of the mouse EPL contains the highest density of EPL interneurons and tufted cells (Hamilton and Coppola 2003; Hamilton et al. 2005; Hamilton KA, unpublished data) . However, this definition differed from our recent study in which this region was quantified along with the GL (Parrish-Aungst et al. 2007) .
The low-magnification images of the sections were also imported into Neurolucida. Areas of the right OB and EPL were determined by outlining the boundaries using the computer mouse, and the OB and EPL volumes were estimated using the Cavaleri method; the cell counts, numbers of squares counted, and areas were used to estimate numbers of GAD65-GFP, GluR1-IR and PV-IR neurons, and total numbers of Sytox Orange-labeled cells of all types, within the EPL of each right OB. Cell densities were determined by dividing raw cell counts by the counting frame volume.
Amino cupric silver staining OB sections from another study (Kim et al. 2006 ) were used to identify degenerating neurons within the EPL, GL, and MCL + GCL. The MCL was combined with the GCL because it contains large numbers of superficial granule cells (Frazier and Brunjes 1988) , which have properties distinct from those of deep granule cells (Heinbockel et al. 2007 ). Four zinc sulfate-treated CD-1 mice were anesthetized and perfused as described above, at 3 or 7 days following treatment, and the brains were shipped in fixative for histological processing (Neuroscience Associates, Knoxville, TN) using the de Olmos amino cupric silver staining method (de Olmos et al. 1994; Switzer 2000) . Coronal sections (35 lm) were silver stained, counterstained with Neutral Red, and mounted on slides. Preliminary examination of the sections revealed no detectable differences in staining between animals perfused at the 2 time points, so they were combined for statistical comparisons. Images (1200 · 1600 pixels) of all sections through the right OBs were obtained using a color camera (Optronics Microfire, Goleta, CA), and silver-stained cell bodies were counted if they did not intersect the top or left edges of the image frame. The percentage of cells stained in the EPL of the zinc sulfate-treated mice was compared with the percentages seen in the other layers; total cell numbers were not calculated because a complete set of sections was not available for determining the EPL volume. Two PBS-treated CD-1 mice were also perfused as described above to permit qualitative comparison of the staining patterns with results of previous studies. Estimated numbers of labeled cells in the EPL of the right OBs of zinc sulfate-and PBS-treated animals were compared using t-tests (SigmaStat, Systat Software, San José, CA). Cell densities were compared using Mann-Whitney rank sum tests. Percentages of degenerating cells were transformed to permit parametric testing and compared using t-tests. P values <0.05 were considered significant.
The images shown are extended focus single-wavelength or merged views through the entire medial EPL obtained using Olympus FluoView or Zeiss LSM confocal software or using the confocal plug-in module of Neurolucida. Figures were assembled into montages, labeled, and the contrast and brightness of the image groups adjusted in Photoshop CS (Adobe Systems Inc., San José, CA).
Results
Zinc sulfate treatment reduces the adult mouse EPL volume and neuronal staining Consistent with previous reports (Margolis et al. 1974) , zinc sulfate-treated mice had significantly smaller OBs than PBStreated mice (right bulb: 4.51 ± 0.52 [mean ± standard error of the mean] mm 3 , N = 6 lesion vs. 6.93 ± 0.76 mm 3 , N = 7 control, P = 0.02; see Supplementary Figure 1 ). Although not evident in all sections, the EPL of the zinc sulfate-treated mice was also significantly smaller (right EPL: 1 ± 0.11 mm 3 , N = 6 lesion vs. 1.52 ± 0.15 mm 3 , N = 7 control, P = 0.02). The OB and EPL volumes of the PBS-treated mice closely resembled our previous measurements obtained from untreated mice (bulb: 7.53 ± 0.43 mm 2 , EPL: 1.41 ± 0.10 mm 2 ; ParrishAungst et al. 2007), indicating that PBS treatment had little if any effect. By contrast, the ;35% reduction in OB and EPL volumes of the zinc sulfate-treated mice indicates that zinc sulfate treatment significantly reduced sensory input from the olfactory epithelium. This was confirmed by examining immunoreactivity for olfactory marker protein in the GL, which was greatly reduced (Supplementary Figure 1d) , as also observed previously (Baker et al. 1988) .
The reduction in EPL volume of the zinc sulfate-treated mice was accompanied by reduced labeling of neuronal somata in the EPL. As can be seen by comparing Figure 1a and e, immunoreactivity of cell bodies for GluR1 was noticeably reduced. The small soma sizes and labeled varicose processes that emanated from many of the labeled cell bodies indicated Figure 1 GluR1-IR of neuronal cell bodies was weaker in the EPL of GAD65-GFP transgenic mice treated with zinc sulfate (e) than in the EPL of mice treated with PBS (a). By contrast, fluorescence of GFP-labeled neuronal cell bodies (b and f) and of PV-IR neuronal cell bodies (c and g) did not appear to be strongly affected. Arrows and arrowheads indicate double-and triple-labeled cell bodies in single sections exhibiting all 3 markers. Note that in zinc sulfate-treated mice, more GAD65-GFP neuronal cell bodies were located in the superficial portion of the EPL, near the GL; this region has the highest density of both EPL interneurons and tufted cells. Similar labeling of cell bodies of all types was observed in sections from the zinc sulfate-and PBS-treated mice stained with Sytox Orange (d and h). JG, juxtaglomerular region.
that the small GluR1-IR cells were interneurons, as described previously (Petralia and Wenthold 1992; Montague and Greer 1999; Hamilton and Coppola 2003; Hamilton et al. 2005) . Larger cell bodies were also observed, which were presumably those of tufted cells and other interneurons (see Numbers of GABAergic interneurons in the EPL). The loss of GluR1-IR appeared to be restricted to the EPL. GluR1 immunoreactivity of cell bodies in the GL did not appear to be affected, whereas immunoreactivity of mitral cell bodies was somewhat enhanced, as also observed following naris occlusion (Figure 1e ; Hamilton and Coppola 2003) .
As can be seen by comparing Figure 1b and f, fluorescence of GAD65-GFP cell bodies was generally similar in both zinc sulfate-and PBS-treated mice. In the zinc sulfate-treated mice, however, a higher proportion of the GAD65-GFP cell bodies appeared to be located in the superficial EPL, and there was a small reduction in total cell numbers (see Zinc sulfate treatment reduces numbers and density of GluR1-IR cell bodies in the adult mouse EPL). As mentioned above, the superficial EPL also exhibited a higher density of GFPlabeled processes (e.g., Figure 1f and Supplementary Figure  1c ). These observations suggest that zinc sulfate treatment resulted in compaction of the most superficial portion of the EPL. This is noteworthy because different mitral/tufted cell subtypes occur within and/or extend lateral dendrites into the superficial versus deep halves of the layer (reviewed in Ennis et al. 2007 ; see Discussion).
Although reduced labeling of rat PV-IR cells has been observed following neonatal naris occlusion (Philpot, Foster, et al. 1997 ), labeling of PV-IR cell bodies was not noticeably altered in the zinc sulfate-treated mice (cf. Figure 1c,g ). The PV-IR cells resembled the multipolar interneurons described previously (Kosaka et al. 1994 ).
Zinc sulfate treatment reduces numbers and density of GluR1-IR cell bodies in the adult mouse EPL
The qualitative difference in GluR1 labeling described above was supported by quantitative differences in numbers of GluR1-IR cell bodies. As shown in Figure 2 , the zinc sulfate-treated mice had significantly fewer (34%) GluR1-IR cells (52.6 ± 6.2 · 10 3 , N = 5 lesion vs. 155.4 ± 12.7 · 10 3 , N = 5 control, P < 0.001) than the PBS-treated mice. They also had significantly fewer (64%) GAD65-GFP cells (97.8 ± 8.1 · 10 3 , N = 5 lesion vs.152 ± 13.3 · 10 3 N = 7 control, P = 0.007). In addition, the zinc sulfate-treated mice had significantly fewer GluR1-IR cells that were GAD65-GFP positive (11.5 ± 3.0 · 10 3 , N = 5 lesion vs. 53.1 ± 5.0 · 10 3 , N = 5 control, P = 0.008). Numbers of cells that were triple labeled for GluR1, GAD65-GFP, and PV (14.3 ± 0.8 · 10 3 , N = 5 lesion vs. 35.5 ± 2.3 · 10 3 , N = 5 control, P < 0.001) also differed significantly, even though total numbers of PV-IR labeled cells did not differ (27.8 ± 8.9 · 10 ÿ3 , N = 5 lesion vs. 50.2 ± 4 · 10 3 , N = 5 control, P = 0.05). Densities of labeled cell bodies, in addition to their numbers, were also reduced. Densities of GluR1-IR cell bodies, GluR1-IR plus GAD65-GFP cell bodies, and GluR1-IR plus GAD65-GFP plus PV cell bodies were lower in the zinc sulfate-treated mice (P £ 0.004 for all); densities of single-labeled GAD65-GFP and PV-IR cell bodies did not differ, however (P ‡ 0.28). The reduced density of GluR1 cell bodies was similar to that observed following neonatal naris occlusion (Hamilton and Coppola 2003) . The reduction in total numbers of GAD65-GFP and PV-IR cells was also similar to reductions seen following neonatal sensory deprivation; for example, dark-rearing reduces GAD65 levels in the mouse retina (Lee et al. 2006) , and neonatal olfactory deprivation reduces PV-IR in the rat EPL (Philpot, Lim, et al. 1997 ). However, it should be noted that in the present study, the GluR1 phenotype was much more strongly affected by zinc sulfate treatment than expression of either the GAD65 transgene or immunoreactivity for PV. The number of GluR1-IR cells observed in the zinc sulfate-treated mice was approximately half the number of GAD65-GFP cells, whereas approximately equal numbers were observed in the PBS-treated mice. The number of PV-IR cells was ;30% of the number of GluR1-IR cells in both treatment groups (zinc sulfate 28%; PBS 33%).
Zinc sulfate treatment does not significantly reduce total cell numbers within the EPL As shown in Figure 1d ,h, staining of the nuclei of neurons, glia, and other nonneural cells with Sytox Orange did not differ noticeably between the zinc sulfate-and PBS-treated mice. As shown in Figure 2 , the EPL of zinc sulfate-treated mice had 72% as many Sytox Orange-stained cells as the EPL of PBS-treated mice (479.1 ± 55.2, N = 6 lesion vs. 666.5 ± 91 · 10 3 , N = 7 control), but this difference was not significant (P = 0.12). Density of Sytox Orange-stained cells also did not differ significantly (P = 0.63). In both the zinc sulfate-and PBS-treated mice, ;30% of the Sytox Orange-labeled cells expressed GAD65-GFP (29% and 26%, respectively). The other ;70% were presumably tufted cells, nonneural cells, and interneurons that did not express GAD65 (see Numbers of GABAergic interneurons in the EPL). Attempts to differentiate neuronal from nonneural cells using the neuronal antigen marker neuron-specific nuclear protein (NeuN) were only partially successful because NeuN fails to label many GABAergic interneurons in the superficial layers of the mouse OB (Panzanelli et al. 2007; Parrish-Aungst et al. 2007 ).
It should be noted here that numbers of GAD65-GFP and PV-IR cell bodies in the EPL of the PBS-treated mice was ;4 times higher than reported previously for the same transgenic mouse strain (Parrish-Aungst et al. 2007 ). The total number of cell bodies labeled with Sytox Orange was also higher than the total number of cell bodies labeled with Sytox Green in that study. These apparent discrepancies are likely due to the fact that the EPL border with the GL region was counted with the EPL in the present study and with the GL in the previous study (see Experimental Procedures). Although this boundary region represents a small portion of the total EPL volume, it typically has a higher interneuron density than deeper portions of the EPL (see Figure 1) .
Numbers of GABAergic interneurons in the EPL
As shown in Figure 2 , in PBS-treated mice, 23% of the GluR1-IR cells and 10% of the PV-IR cells also expressed GAD65-GFP (53.1 · 10 3 and 4.8 · 10 3 , respectively). This suggests that the EPL contains ;60 · 10 3 interneurons. Because many GluR1-IR EPL cells and all PV-IR cells are thought to be interneurons, and EPL interneurons are thought to be inhibitory, the question arises as to why more of the 155 · 10 3 GluR1-IR cells did not co-express GAD65-GFP? We have previously estimated that 14% of EPL neurons express the 67-kDa isoform of GAD and that 6% of EPL neurons express calretinin but not PV or GAD (Parrish-Aungst et al. 2007 ). Thus, an additional 33 · 10 3 GluR1-IR cells could be interneurons that did not express GAD65-GFP. Another 7 · 10 3 of the GluR1-IR cells were PV-IR interneurons that did not express GAD65-GFP, bringing the total number of GluR1-IR interneurons to ;100 · 10 3 . The other ;55 · 10 3 GluR1-IR cells were presumably mostly tufted cells, although this number could also have included small numbers of other interneurons that did not express detectable levels of any of the interneuron markers used. For example, the rat EPL contains some vasoactive intestinal polypeptide-IR and calbindin-IR interneurons (Gall et al. 1986; Celio 1990; Briñó n et al. 1992) , and the mouse EPL contains rare neurocalcin-IR interneurons (Briñón et al. 1998; Murias et al. 2007 ). We have previously estimated that the tufted cells and GAD-negative interneurons of the mouse EPL constitute ;30% of EPL cells (Parrish-Aungst et al. 2007) , which agrees well with the 36% GluR1-IR ''tufted'' cell figure derived here.
The EPL of zinc sulfate-treated animals contains few degenerating cells relative to other OB layers Figure 3 shows the percentages of degenerating cells stained in different OB layers using the amino cupric silver staining method. In both the zinc sulfate-and PBS-treated animals, the total number of degenerating cells was a small fraction of all OB cells. However, in the zinc sulfate-treated animals, higher proportions of the degenerating cells occurred in the GL (27%) and MCL + GCL (64%) than in the EPL (9%, P < 0.001). The average number of degenerating cells seen in sections through the EPL of the 4 zinc sulfate-treated animals (8, range 6-13) did not appear to differ from the average seen in the EPL of the 2 PBS-treated animals (9, range 2-14). By contrast, numbers of degenerating cells seemed to increase in the GL (26 vs. 10) and MCL + GCL (61 vs. 17). These comparisons support previous quantitative results from naris occlusion studies showing that olfactory deprivation in adulthood results in cell loss primarily from the GL and MCL + GCL; most of the loss is of interneurons (and progenitors) from the GCL, however (Corotto et al. 1994; Najbauer and Leon 1995; Fiske and Brunjes 2001; Tyler et al. 2007 ). Almost all tufted and mitral cells are generated prenatally (Hinds 1967; Bayer 1983) . It is, therefore, unlikely that tufted cell death contributed significantly to the discrepancy between the reduction in GluR1-IR cell bodies and small number of degenerating cells seen here. Thus, the reduction in GluR1-IR was most likely due to downregulation of GluR1 expression, rather than to widespread neuronal loss. Figure 3 Following zinc sulfate treatment, fewer degenerating cells were observed in the EPL than GL or MCL + GCL, as revealed by amino cupric silver staining. Only 9% of the labeled cells occurred in the EPL. Significantly higher percentages occurred in the GL (27%) and MCL + GCL (64%, P < 0.001).
Discussion
Our results indicate that both the number and density of GluR1-IR cell bodies are reduced in the EPL following loss of olfactory input to the adult OB. The GluR1-IR cell population also loses some expression of the 65-kDa isozyme of GAD and immunoreactivity for PV. Because most of these cells are interneurons that do not receive direct olfactory input, but instead receive input via mitral/tufted cells, our results suggest that expression of multiple neuronal markers in the adult EPL can be transsynaptically regulated by olfactory stimulation. The large, 66%, reduction in numbers of EPL cell bodies that are immunoreactive for GluR1 is similar to the dramatic reduction observed following neonatal naris occlusion (Hamilton and Coppola 2003) . In the present study, the reduction in GluR1 labeling was shown to be significantly larger than the reduction in other interneuron markers (GAD65 and PV). This suggests that GluR1 expression by both interneurons and tufted cells is sensitive to olfactory input. We have previously reported that expression of the N-methyl-D-aspartic acid (NMDA) receptor NR2B subunit in the piriform cortex is also reduced following adult olfactory deafferentation (Kim et al. 2006) . Neuronal excitation via both AMPA and NMDA receptors could, therefore, be affected at 2 different levels of olfactory processing.
The EPL contains significant numbers of superficial and middle tufted cells, as well as a small number of deep tufted cells. It is estimated that the total number of these tufted cells, plus external tufted cells, could be as high as twice the number of mitral cells (Allison 1953; Shepherd et al. 2004) . Although several staining methods label some EPL tufted cells (e.g., cholecystokinin, Seroogy et al. 1985 ; Tbox transcription factors, Bulfone et al. 1995; Faedo et al. 2002; Yoshihara et al. 2005; Allen et al. 2007 ), these methods do label all tufted cell subtypes. Direct evidence for loss of GluR1-IR by tufted cells is, therefore, lacking. However, because the EPL contains large numbers of tufted cells and few interneurons that express markers other than GAD65 and PV, it is likely that the reduced numbers of GluR1-IR cell bodies seen here resulted from loss of GluR1 expression by both tufted cells and interneurons.
In hippocampal pyramidal cells, GluR1 is required to maintain the pool of nonsynaptic AMPA receptors, which are recruited to the postsynaptic membrane as a result of high-frequency stimulation (Hayashi et al. 2000; Shi et al. 2001; Esteban et al. 2003; Lee et al. 2003; Boehm et al. 2006) . Mice lacking GluR1 and mice with mutated GluR1 subunits exhibit deficits in long-term potentiation and in spatial memory (Zamanillo et al. 1999; Reisel et al. 2002; Lee et al. 2003) . The loss of GluR1-IR observed in this study could, therefore, represent a loss of somatic extrasynaptic receptors. Studies of hippocampal pyramidal cells have also shown that loss of GluR1 from cell bodies can be accompanied by gain of GluR1-containing AMPA receptors at dendritic synapses. In cultured cells, extrasynaptic AMPA receptors can rapidly be inserted into the membrane and travel to dendritic sites (Adesnik et al. 2005) . Blocking activity can enhance the synaptic insertion of homomeric GluR1 AMPA receptors, perhaps as a means of restoring the neuronal excitatory set point (Turrigiano and Nelson 2000; Thiagarajan et al. 2005) . If olfactory deafferentation has a similar effect on dendritic AMPA receptors of EPL interneurons, then the distribution of GluR1 in the OB, but not its overall expression, might be altered. There is evidence that the distribution of GluR1 immunoreactivity is altered following olfactory deprivation; it appears to be enhanced in the GL following naris occlusion (Tyler et al. 2007 ) and in mitral cell bodies as a result of both deafferentation and naris occlusion (Figure 1e; Fig. 1C in Hamilton and Coppola 2003) . GluR1 expression by the entire OB is unaffected by olfactory deafferentation, however, as demonstrated by reverse transcriptase-polymerase chain reaction (Kim et al. 2006) .
In the present study, olfactory deafferentation resulted in an apparent compaction of the superficial EPL, as indicated by GAD65-GFP fluorescence. Similar changes in the stratification of this layer have been observed following neonatal olfactory deprivation (e.g., Couper Leo et al. 2000) . It is, therefore, important to note that cell bodies and lateral dendrites of all superficial tufted cells and most middle tufted cells are restricted to the superficial half of the EPL (Mori et al. 1983; Scott and Harrison 1987) . Apical dendrites of different granule cell subtypes also project within the superficial versus deep portions of the EPL, and the 2 regions exhibit different staining intensities for a host of substances (reviewed in Ennis et al. 2007 ). Thus, the superficial and deep portions of the EPL likely perform different functions in regulating mitral/tufted cell output from the OB. Modeling of field potential recordings suggests that the tufted cells of the EPL generate a significant portion (39%) of spontaneous OB activity (Karnup et al. 2006) . Other recordings suggest that superficially located tufted cells may be largely responsible for this activity. These cells are more responsive to ON stimulation than deep tufted cells (Schneider and Scott 1983; Wellis et al. 1989; Ezeh et al. 1993) , and they exhibit prolonged excitation in response to odor stimulation (Luo and Katz 2001) . Thus, superficially located tufted cells appear to be more sensitive and responsive to olfactory stimulation than deep tufted cells and mitral cells. The compaction of the superficial EPL that occurs following olfactory deafferentation could, therefore, reflect effects of reduced olfactory input specifically upon these more sensitive/responsive tufted cell subtypes. If EPL interneurons receive most of their excitatory synaptic input from these tufted cell subtypes, via GluR1-containing AMPA receptors, then this might be why the GluR1-IR of EPL interneurons is so strongly affected by olfactory deafferentation and deprivation.
We have previously shown that EPL interneurons receive large, spontaneous, high-frequency excitatory postsynaptic potential barrages that are mediated by AMPA/kainate receptors (Hamilton et al. 2005) . Mitral/tufted cells are glutamatergic, and serial section reconstruction studies have shown that they form excitatory synapses onto PV-IR EPL interneurons, which form inhibitory synapses onto mitral/tufted cells, 30-50% of which are reciprocal (Toida et al. 1996; Crespo et al. 2001) . EPL interneurons, therefore, appear to receive robust, ongoing, AMPA/kainate receptormediated glutamatergic excitation from mitral/tufted cells, even in the absence of olfactory stimulation, and they in turn appear to inhibit mitral/tufted cells within the EPL. If loss of GluR1-IR by cell bodies of EPL interneurons occurs in concert with insertion of additional AMPA receptors at their mitral/tufted cell synapses, then the reduced GluR1-IR of the interneuron cell bodies could be indicative of a compensatory mechanism that serves to restore the normal, spontaneous level of mitral/tufted cell inhibition. Naris occlusion studies have shown that reduced olfactory input to the developing OB decreases mitral/tufted cell spontaneous activity and increases mitral/tufted cell inhibition (Guthrie et al. 1990; Wilson and Wood 1992; Philpot, Foster, et al. 1997 ). This appears to be due to increased amplitude of synaptic currents mediated by both AMPA and NMDA receptors, which results in enhanced inhibition from periglomerular cells and granule cells (Saghatelyan et al. 2005; Tyler et al. 2007) . Results of the present study suggest that GluR1-containing AMPA receptors of EPL interneurons might play a heretofore unappreciated role in regulating mitral/tufted cell activity, within the OB EPL.
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